Abstract-This paper explores the use of a multi-port DC-DC converter with a 95 VDC output resistive load (which can be roughly divided in half to reach 48 V -a common DC data center voltage) and interfacing a dual-input connection of a 380 VDC ICT system and a 42.9 VDC/ 40.7 A photovoltaic (PV) panel. Ultracapacitors (83 F), as part of an attached power-buffering interface to the converter, are used to help mitigate any unwanted spikes in the power flow from input signals; for this work, the ultracapacitors' effectiveness is tested using the inherently intermittent PV as an input. This converter technology represents the merits of utilizing a singular interfacing device to consolidate the flows between joint generation and load, while maintaining stable output power through the use of a modular energy storage solution.
INTRODUCTION
As power systems throughout the world continue to utilize more distributed generation solutions and microgrid systems, an effective interfacing power electronic device must be developed for managing power flow and power quality levels throughout these systems and their loads. Global demand for electricity increases annually and is expected to reach over 20 TWy by the end of the decade [1] . The generation profile is diversifying to meet this growing demand as older power plants are retiring. Renewable sources, such as wind and solar, as well as more efficient conventional plants, such as combined heat and power plants, are being installed to fill this growing electricity generation gap. Conventional power plants are generally few in number, spread out over large distances, and have large generation capacities to serve loads downstream; renewable sources, on the other hand, are best utilized when placed in distributed networks throughout the load center in large numbers-dispersed strategically throughout the area with each unit relatively small in generation capacity. An emphasis on improving distribution networks has become popular with research and functional examples of microgrids have been established in several regions of the developed world.
As DC infrastructure within distributed generation solutions and microgrid designs increasingly become used, an effective DC-DC interfacing power electronic device must be developed for managing power flow and power quality levels between a system's increasingly diversified array of sources and loads [2] . DC-DC power electronic interfaces are continuing to gain increased attention throughout many distribution applications, including information and communication technology (ICT) [3] , electric vehicle [4] , and renewable generation [5] industries.
The multi-port interfacing topology used in this work is known as a triangular modular multilevel converter (TMMC) [6] . The TMMC utilizes stacked capacitor voltages from buckboost derived modules in order to effectively step-up or stepdown the voltage depending upon the direction of current flow. Input and output ports can be placed between any of the modules to meet source and/or load system requirements. This variant of the modular multilevel (MMC) family of converter topologies benefits from having a natural power sharing capability across modules for single-input, single-output applications due to its triangular structure.
With the addition of a robust control system (a PI voltage controller fed into a current hysteresis controller, for each module) and an ultracapacitor-based power buffering solution, the TMMC's power sharing attribute can be maintained for multiple inputs and/or outputs. Applications incorporating energy storage within MMC topologies for high power applications have already been explored [7] , [8] with battery technologies in order to help meet a growing need for load leveling and power buffering. Within the proposed circuit design, power buffering is achieved by attaching an array of ultracapacitors to each of the TMMC's modules via an interfacing dual-quadrant Type-C Chopper circuit. With the intermittency of renewable generation sources like solar, it is preferable to utilize an energy storage solution that provides quick discharges of power while subsequently recharging quickly. Ultracapacitors are a good fit for such an application with a high power density profile to compensate for deficits in power output, the capability for quick charge and discharge cycling, and a long lifespan. This paper is partially based on work supported by the NSF under award #1331788 and the R.K. Mellon Foundation
The remaining of this paper will be organized as follows: Section II provides some context to the discussion by exploring the importance of power electronics in modern power systems. Section III introduces the TMMC topology, which serves as the main test bed for energy storage enhancement. Section IV describes the energy storage system (ESS) connected to each TMMC module. Section V details the PV array system used to evaluate the efficacy of the ESS. Section VI highlights the results of tests performed to evaluate the enhanced converter design. Lastly, Section VII briefly summarizes the findings of this paper.
II. IMPORTANCE OF POWER ELECTRONICS
With the increased use of wind and solar generation in recent years, several methods of mitigating their inherent intermittency issues have been developed with power electronic devices being at the forefront of these solutions. Power electronic devices can enable generation-side and gridside signal decoupling and the reduction of total harmonic distortion and voltage flicker injected into the grid. Different combinations of inputs and outputs are necessary in order to adequately serve different types of loads, which call for a specific type of converter. For instance, in a distributed generation network, a home might be powered by a combination of grid-power, solar, wind, and energy storage; while in a hybrid electric vehicle, the vehicle could be powered by a combustion engine, an electric motor, and a battery system. These systems call for a specific family of converters containing multiple ports to coordinate the different generation and load pathways, some of which are unidirectional, while others, like for batteries, are bidirectional [9] . These converters can integrate sources of varying voltage and coordinate their functions to work together in a single system environment. Multi-port converters are classified into three main groups: Multi-Input, Single-Output (MISO); Single-Input, Multi-Output (SIMO); and Multi-Input, MultiOutput (MIMO). 
III. TRIANGULAR MODULAR MULTILEVEL CONVERTER
The TMMC utilizes stacked capacitor voltages from buckboost converter derived modules with a designed unity conversion ratio in order to effectively step-up or step-down the voltage depending upon the direction of current flow. Modules are stacked in a triangular fashion with the top most row containing a single module and subsequent rows beneath it containing a module(s) directly underneath and an additional one to the right. This pattern continues as shown in Fig. 1 . Voltage taps can be made on any of the modules' input or output terminals, allowing for the possibility of creating multiple inputs and outputs based on source or load requirements of a system. This is very desirable for interfaces between building loads and the grid, which may require multiple voltage level taps as well as multiple sources such as the grid and perhaps some local rooftop PV generation for example. With its modular structure and bidirectional functionality, the TMMC can be modified to operate as a reconfigurable APDN and can be modified to act as a singleinput, single-output (SISO), multiple-input, single-output (MISO), single-input, multiple-output (SIMO), or multipleinput, multiple-output (MIMO) converter.
Additionally, the TMMC's modular design can be expanded for a wide range of conversion ratios with power sharing achieved across all modules and localized modulebased control for increased dynamic performance. Fig. 2 shows the circuit model for each buck-boost module. This power sharing capability indicates that each module handles approximately the same amount of voltage across its capacitor and similarly, roughly the same amount of current flowing through its inductor. With respect to the shared ground on the low voltage side of the converter, the triangular configuration of the converter has its lowest row of modules processing the highest amount of current and the lowest amount of voltage. Working upwards through the rows towards the top most row's singular module, each row collectively processes less current and more voltage (with respect to ground), further demonstrating the TMMC's power sharing capability. 
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A. TMMC Module Control
The designed controller can function for both step-up and step-down operations. The overall control system consists of a cascaded PI voltage controller fed into a current controller. For each row of the TMMC, only one voltage controller is necessary for all row modules to promote current sharing; however, an individual current controller must be created for each module of the converter. This one-to-one ratio of modules to current controllers is to ensure sufficient stability of the operating point of each module in the face of transient events. During normal steady state operation, each current controller within a row should ideally operate identically. For rows containing multiple parallel modules, the proportional and integral gain terms for that row must be multiplied by the number of parallel module capacitors to account for added capacitor dynamics. The voltage PI controller is fed by two voltages subtracted from one another: the first being a reference voltage that is set when designing the converter controller, and the second being a summation of voltages between a selected capacitor voltage from current row as well as a capacitor voltage from the previous row. It is important that the set reference voltages for each row be the same to ensure equal voltage and current sharing. The summed voltage between the current row and the previous row helps to establish an interdependency of voltage controllers helping to enhance the dynamic performance of the converter. The output of this PI block provides a reference inductor current value, which is then similarly subtracted by the actual inductor current of the module of interest. A second PI block then processes this current difference and provide an output switching signal for its respective module switches, with the design consideration that it must operate much faster (>10 times) than the voltage controller, so that inductor current dynamics are much faster than capacitor voltage dynamics [6] . It is much more desirable for the capacitor voltage to change more slowly than the current flowing across in the inductors to promote greater converter stability. For ease of implementation and to ensure fast current compensation performance, a hysteresis controller was chosen over a second PI block as shown below in Fig. 3 . Calculated proportional and integral gain values for the TMMC controllers can be found in Table I in Section VI. Hysteresis current controllers are known for their robust stability, fast performance, and good accuracy; however, it is worth noting that they also can lend themselves to uneven switching frequencies that can potentially lead to acoustic harmonic noise [10] . By tuning the hysteresis threshold bandwidth experimentally, any negative effects from the switching frequency and noise can be mitigated. The basic functionality of the hysteresis loop-based controller is depicted in Fig. 4 and in
IV. ULTRACAPACITOR INTERFACE
Upon completing the core converter modeling, research efforts were refocused towards implementing energy storage throughout the TMMC topology. Ultracapacitors were selected as the energy storage solution for their high power density. Additionally, an adequate non-isolated DC-DC interface between the ultracapacitors and the TMMC modules needs to be selected. This interface needs to be both a twoquadrant device for the bi-directional current flow required for charging and discharging the ultracapacitor, as well as be easily controllable to allow for defined switching between charging and discharging operations. A Type-C chopper DC-DC Converter, also referred to as a Buck and Boost converter, is able to achieve both of these functionalities and was selected as the interfacing topology between the ultracapacitor and the TMMC modules. Chopper circuits connect sources and loads and are static power electronic devices used to convert fixed DC power to variable DC power by means of high speed switches connecting and disconnecting from a specified load. Their operation allows for connected sources and loads to operate in both single-quadrant or multi-quadrant regions based on the configuration of switches and their impact on the flow of power. The four quadrants are denoted by voltage (y-axis), current (x-axis), and their respective polarities, which ultimately dictate the directional flow of power. There are five types of choppers, labeled A through E, but this research focuses on the Type-C chopper, which combines the functionality of both the Type-A chopper (unidirectional, first quadrant) and the Type-B chopper (unidirectional, second quadrant), in order to achieve bidirectional, dual quadrant power flow (first and second quadrant).
A. Modes of Operation
For the Type-C chopper's proper interfacing of the module and the ultracapacitor, the module capacitor voltage, VC, must always be greater than the voltage across the ultracapacitor, VUC. This voltage bias ensures the proper flow of current from high side to low side, and vice versa. As such, with an average module capacitor voltage of 95 V, the ultracapacitor voltage was designed for 48 V -a roughly 2:1 ratio of voltages. The Type-C chopper can effectively operate as both a buck converter and a boost converter based on proper switch activation. Each switch utilizes a freewheeling diode for when it is not actively in operation. By controlling the top switch, Sb, and keeping the bottom switch, Sa, open, the converter is in "buck" or "charging" mode with power flowing from the module to the ultracapacitor; conversely, by controlling the bottom switch, Sa, and keeping the top switch, Sb, open, the converter is in "boost" or "discharging" mode with power flowing from the ultracapacitor to the module. The Type-C chopper topology in both buck and boost modes, respectively, is shown in Fig. 5 and Fig. 6 connected to an ultracapacitor along with the current paths for each switching operation.
B. State Machine Type-C Chopper Control
Since the voltage level of the ultracapacitor does not require any dedicated regulation, a simplified method of operating the Type-C chopper is used, which monitors the voltage level of its connected TMMC module capacitor. An upper and a lower voltage threshold is established that functions as the triggering points for a transition from an idle state to either a charging (buck) state or a discharging (boost) state. For reference, Fig. 7 , details the three different operating states of the controller with the blue dot representing the current state of operation.
Per the state machine diagram in Fig. 8 , the chopper circuit begins in an idle mode of operation with the voltage of the module capacitor falling in between two defined thresholds of 91 V and 99 V, denoted by circle 3. Neither of the two switches in the chopper circuit are triggered in this state. In the event of a system perturbation leading to the module voltage crossing either threshold, the state machine shifts modes from the idle state to either the buck state or the boost state in order to regulate the voltage and bring it back between the thresholds more quickly. If the module voltage drops below the lower threshold, the chopper enters its discharging (boost) state, denoted by circle 1, effectively raising the voltage of the module capacitor. As mentioned before, the bottom switch of the chopper is triggered for this state. Similarly, if the voltage 
V. PHOTOVOLTAIC ARRAY SYSTEM
A photovoltaic array is used as the main vehicle for evaluating the transient resiliency of the TMMC enhanced with energy storage. The PV array, with its natural intermittencies throughout the course of a day, injects power into the power electronic interface with scheduled step changes in its output. This intermittency serves as a natural test bed for the energy storage to activate and counteract the transient spikes present across the TMMC rows. This PV system needs to be able to handle large steps in the solar irradiance (W/m2) to simulate the varying irradiance of a PV array mid-day. The output load is designed to receive around 4kW of power, and the PV array system, connected directly to positive and negative terminals of one of the TMMC modules, was designed to be just under half of that total power capacity at 1747 W. The general design of the array system includes a single diode PV model, a boost converter implementing MPPT, and a buck-boost regulator to achieve an output voltage as close to the connected module capacitor voltage, 95 V, as possible.
In order to achieve the maximum power point for the PV array, the perturb and observe (P&O) algorithm is incorporated into the boost converter's design. This boost converter, designed to operate in the continuous conduction mode (CCM), is affixed to the PV array's output ports having its duty cycle regulated by the P&O algorithm to accommodate for the optimal operating point of the PV array relative to the system's defined irradiance value. The boost converter and the MPPT algorithm regulate the operation of the PV array, however, they do not take into account the regulation of its output voltage, which varies widely based on the solar irradiance. Therefore, an additional buck-boost regulator is added to the output of the boost converter in order to achieve a consistent and optimal output voltage of 95 V for the seamless connection to one of the TMMC modules. Similar to the boost converter, the buck-boost regulator is designed to operate in CCM with circuit parameters. A PI controller, with gains listed in Table I is used to provide the voltage regulation functionality of the buck-boost regulator. The procedure for finding these gain parameters is the same as the one used for determining the TMMC module PI gain parameters since they are both buck-boost converter circuits. A full block diagram PV array system is shown in Fig. 9 .
VI. SIMULATION AND RESULTS
With all system parameters functional and interconnected, the performance of the ESS is tested in the presence of both load and PV generation step changes. System parameters are shown in Table I . An ideal connection of 380 V will act as the TMMC's "grid" connection. In order to weaken the connection to the strong "grid" voltage source, an inductor, 0.5 H, is placed in between this source and the top row of the TMMC modules. This value was determined experimentally by running a simulation sweep of the three-row step-down TMMC through several values of inductors ranging from 0.0005 H to 0.5 H. The inductor value that provides the most critically damped voltage with the least amount of signal ripple across the module capacitor voltages is 0.5 H and therefore it is selected to weaken the grid connection. By weakening the grid connection, larger transients from load and generation step changes can be seen across the converter, allowing for the greatest opportunity to notice potential improvements from the ESS. This voltage is also in agreement with modern standards developed for dc distribution in data centers and other applications. 
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Three main test scenarios were simulated in Ansys Simplorer to evaluate the performance of the ESS by stressing the system with a combination of positive and negative step changes for both the PV generation and the output load demand. Each of the three tests on the system is run both without the ESS and with the ESS to determine how the ultracapacitors affect the performance of the TMMC. The main system signals for comparison are TMMC capacitor row voltages, which reflect converter stability and output performance. Test systems comprise the TMMC, the PV system, and the ESS (switched in and out for comparison). The three test cases include:
1. Test One: The irradiance of the PV system is set to 1000 W/m2 and is switched into the converter at 150 ms. An output load step at 250 ms doubles the load power demand (~4 kW to ~8 kW) by halving the resistance from 2.12 Ω to 1.06 Ω.
Test Two:
The irradiance of the PV system stays at 1000 W/m2 and is still switched into the converter at 150 ms. The output load step at 250 ms now halves the load power demand (~8 kW to ~4 kW) by doubling the resistance from 2.12 Ω to 4.24 Ω.
Test Three:
The irradiance of the PV system remains at 1000 W/m2 initially, and is still switched into the converter at 150 ms. The output load step is not altered for this test. However, the PV irradiance is dropped to 1 W/m2 and switched out of the system at 250 ms, simulating a drop in power due to a loss in irradiance.
For each of these tests, the simulation runs for 350 ms with a time step of 1 μs. This time step is selected to accommodate the range of switching frequencies present throughout the system and to satisfy proper Nyquist Sampling Theorem. Nyquist dictates that the sampling frequency of a sampled system must be at least twice that of the highest frequency contained in the signal. Therefore, the largest frequency in the system, 70 kHz, is used to determine the threshold of a proper sampling frequency, and sampling time step in (1), (2) , and (3).
where fs is the sampling frequency and fc is the highest frequency value within the system. ≥ 2 70,000 = 140 (2) , = = 7.14 * 10 = 7.14 (3)
In order to improve the fidelity of the simulation and move away from this threshold time step, a time step for the modeling of 1 μs was chosen.
A. Test One Results -PV and Load Step Up
The first test involves the connection of the PV array at full irradiance as well as the increased load (decreased output resistance) by a factor of two. These events should lead to a momentary spike in the TMMC row voltages when the PV is added to the system due to a transient excess of generation. The increased load should incur a subsequent temporary dip in the TMMC row voltages while the system's generation portfolio can supply the load with adequate levels of power. 
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Test two similarly has the PV system switched into the system at full irradiance; however, the load is now stepped down by half (output resistance doubled). This load change requires the output load to change power demands from ~4 kW down to ~2 kW. Additionally, this step change causes a spike in voltage across the row capacitors and output resistor due to an excess of power flowing into the system as the load demands are decreasing.
Comparing the results from the capacitor voltages in Fig.  12 and Fig. 13 , the same trend of reduced transient spikes in seen in test two. The spike from decreasing the load requirement by half creates a very large spike about 135.26 V or 142% of the nominal value. Although with the addition of ESS, the peak reduces to 110.05 V, reducing the transient voltage stress on the system by 25.21 V or 26.54% of steady state voltage. The initial spike changes are the same as those recorded in test one. Transient recovery time for the non-ESS system is about 100 ms, and falls to around 25 ms when introducing the ultracapacitors.
C. Test Three Results -PV Step Up and Down
The third and last test focuses mainly on the impact of large PV step changes on the system with the PV first connected at maximum irradiance, and then later disconnected promptly creating a large deficit in generation. The output load stays constant throughout the whole simulation (~4 kW), so there is no main change in system power demands. The row capacitor and output voltages are also expected to spike upwards when the PV is connected and subsequently take a large dip when the PV is disconnected entirely.
A sizable difference in spikes between ESS and non-ESS systems is present once more in Fig. 14 and Fig. 15 . The second spike dipping downward due to the disconnected PV hits a trough value of 75.94 V for the traditional TMMC as compared to 84.06 V for the ESS-enhanced model. This reduction of 7.89 V or 8.3% of steady state voltage is less dramatic than the other tests, but a noticeable improvement nonetheless. The initial spike changes are the same as those recorded in test one. Transient recovery time when disconnecting the PV system for the non-ESS system is about 50 ms, and falls to around 25 ms when introducing the ultracapacitors.
VII. CONCLUSIONS
This paper describes a multiple-input, single-output DC-DC converter enhanced with energy storage to power buffer input connections before supplying their currents to designated electrical loads. The converter topology is modeled after the triangular modular multilevel converter discussed in literature for its inherent ability to share power across its modules and robustly achieve stability. Ultracapacitors are selected as the energy storage solution in order to support the converter's stability in the event of transient phenomenon. The ESS is able to quickly charge and discharge without a degradation of components' lifespans. Each ESS is interfaced with a specific individual module of the TMMC via a Type-C chopper circuit, which is capable to operate as both a buck and a boost converter based on switching operation. The Type-C chopper allows the ultracapacitors to both charge and discharge based on the voltage level of its connected module relative to predefined upper and lower voltage thresholds. This ultracapacitor-enhanced TMMC design is capable of mitigating the transient spikes associated with large step changes both in load as well as intermittent sources such as PV generation, while also reducing the recovery time necessary to return to nominal steady state voltage and power levels. Three simulated test cases incorporating large step increases and decreases of both PV generation and output load parameters reinforce the validity of these claims.
